The human gut is host to a diversity of microorganisms, including the single-celled microbial eukaryote Blastocystis. Research has shown that most carriers host a single Blastocystis subtype (ST), which is unusual given the considerable within-host species diversity observed for other microbial genera in this ecosystem. However, our limited knowledge of both the incidence and biological significance of Blastocystis diversity within hosts (i.e., so-called mixed infections) is likely due to problems with existing methodologies. Here, we developed and applied Blastocystis ST-specific PCRs for the investigation of the most common subtypes of Blastocystis (ST1 to ST4) to a healthy human cohort (n ‫؍‬ 50). We detected mixed infections in 22% of the cases, all of which had been identified as single-ST infections in a previous study using state-of-the-art methods. Our results show that certain STs occur predominantly as either single (ST3 and 4) or mixed (ST1) infections, which may reflect inter alia transient colonization patterns and/or cooperative or competitive interactions between different STs. Comparative analyses with other primers that have been used extensively for ST-specific analysis found them unsuitable for detection of mixed-and, in some cases, single-ST infections. Collectively, our data shed new light on the diversity of Blastocystis within and between human hosts. Moreover, the development of these PCR assays will facilitate future work on the molecular epidemiology and significance of mixed infections in groups of interest, including health and disease cohorts, and also help identify sources of Blastocystis transmission to humans, including identifying potential animal and environmental reservoirs.
T
he human gut is a complex, open-ended ecosystem that is host to a diversity of microorganisms, including the single-celled microbial eukaryote Blastocystis (1, 2) . Blastocystis is a member of the Stramenopiles or Heterokonta branch of the Eukarya (3) and is phylogenetically distinct from other microbial species of Eukarya such as protozoa, molds, and yeasts that also colonize and/or infect the human gut. Blastocystis has a global distribution and is estimated to colonize between 1 billion and 2 billion people worldwide. In addition to humans, Blastocystis spp. are common inhabitants of the gastrointestinal tract (GIT) of a wide range of other mammalian and nonmammalian hosts, such as livestock, primates, reptiles, and insects (4) (5) (6) . To date, 17 subtypes (STs) have been described, 9 of which have been detected in human populations. The majority of human-associated STs (ϳ90%), however, are categorized into one of four STs (ST1, ST2, ST3, and ST4) (4) .
One of the most important recent advances in Blastocystis research is the development and application of sensitive PCR methodologies to study the prevalence and diversity of Blastocystis in human populations (7) (8) (9) . Emerging data from such studies have indicated that there is significant variation in the distribution of Blastocystis STs within and between geographical regions, with prevalences ranging from 24% to 56% in developed countries and up to 100% in developing countries (10) (11) (12) . Given the widespread distribution of Blastocystis in both human and animal hosts and its unresolved status in human disease, much of the current Blastocystis research focuses on its role as a potential human pathogen (13, 14) . However, in addition to furthering our knowledge of how this microbe impacts human health and disease, researchers also need to address many outstanding basic ecological issues regarding Blastocystis, including a better understanding of its diversity and functionality in the human host, its interactions with other components of the gut microbiota, and the factors that determine the variation in colonization patterns observed within and between individuals and populations of human hosts (12, 14, 15) .
One outstanding topic that has received little attention is that of Blastocystis mixed "infections" or the ability of multiple different STs to co-colonize a single human host. The study of mixed infections is important for a number of reasons. First, from an ecological perspective, a detailed understanding of the diversity of different Blastocystis STs within and between individual hosts is required to gain insight into any potential competition or cooperation between Blastocystis STs, which may be a relevant factor for successful gut colonization, and more generally, this knowledge will further our understanding of the microbial eukaryotic diversity of the human intestinal tract (15) . Second, the applica-tion of sensitive molecular PCR-based approaches that have the capacity to provide accurate assessments of Blastocystis ST diversity and distribution between different geographical regions, including health and disease cohorts, animal groups, and potential environmental reservoirs, is crucial to establishing any potential links between mixed infections, including specific mixed-ST infection combinations and symptomatic carriage, and sources of Blastocystis transmission to humans.
It is widely accepted that there are inherent difficulties in accurately assessing the distribution of mixed infections owing to the methodologies employed (4, 16, 17) . In studies where information on mixed infections is available, this is generally given as an incidental finding, and the results are based primarily on data generated by one of three PCR-based methods. The first method relies on direct amplification of 18S ribosomal DNA (rDNA) by using universal and/or Blastocystis-specific primer pairs (e.g., RD5 and BhRDr), using DNAs extracted either from in vitro cultures of Blastocystis or directly from fecal material (9, 18) . In this scenario, PCR products that yield a mixed trace based on chromatogram analysis of Sanger-sequenced products are indicative of a mixed infection; these products may then be cloned and sequenced to determine the presence of multiple subtypes (10, 19) . The second method that has been used to report mixed infections is based on the use of ST-specific primers (sequence-tagged-site [STS] primers) (20) , which are also used directly on DNAs extracted from fecal material or in vitro cultures (9, 17) . Unfortunately, however, recent analyses have shown that these STS primers are insufficient for Blastocystis subtyping in human populations and give inconsistent results, even on DNAs extracted from the same small-subunit (SSU) rRNA allelic variant of certain STs (17) . Finally, although it is no longer widely used, PCR-restriction fragment length polymorphism (PCR-RFLP) analysis of SSU rDNA has also been used in Blastocystis genotyping studies. In these studies, the presence of ambiguous PCR-RFLP profiles that cannot be classified is interpreted as evidence for mixed infections (16) .
Currently, there is only one study that has explicitly investigated mixed infections of Blastocystis in humans (19) . Based on an analysis of 50 clones, the authors of that study detected three different subtypes of Blastocystis within a single host (ST2, ST3, and ST4). However, a major drawback of that study is that the analysis was performed on one individual only, thus limiting a more general or wider interpretation regarding the prevalence and diversity of mixed-ST infections in human populations. Moreover, the preparation of multiple clone libraries to comprehensively analyze samples from studies with large cohorts of individuals is laborious and prohibitive.
Here, we designed a set of primers for use in a nested PCR assay to target the most common Blastocystis subtypes in the human population (ST1, ST2, ST3, and ST4) (4). In doing so, our aim was to develop a quick and accurate PCR-and sequence-based approach to assessing Blastocystis ST diversity in large studies with multiple samples, thereby circumventing the requirement for the more laborious preparation of individual clone libraries from single samples. We then used these primers to assess the incidence and diversity of Blastocystis mixed-ST infections in a group of healthy human hosts together with a comparative analysis of our data and those generated from existing primer sets available for ST detection (20, 21) .
MATERIALS AND METHODS
Sample collection. To test for mixed-subtype infections in individual samples, we analyzed 50 DNA samples from a previous study that had yielded a single Blastocystis-positive PCR product (12) . In our previous analysis, no evidence of mixed infections for any of the samples was apparent based on chromatogram analysis of Sanger-sequenced PCR products amplified by using the commonly applied "barcoding" primers RD5 and BhRDr (12, 18) . These samples were originally collected as part of a study of the intestinal microbiota in control and elderly populations (Eldermet study) (22) . Full details of study participants are provided in Table S1 in the supplemental material, and DNA extraction methods are provided in the original report (22) . DNA was extracted from xenic cultures of each Blastocystis ST used in this study by using the automated NucliSENS easyMag protocol (23) .
Primer design and nested PCR optimization for mixed-ST infection analysis. SSU rDNA Blastocystis subtype sequence data were downloaded from the PubMLST online database (http://www.pubmlst.org /blastocystis) and aligned by using ClustalW implemented in BioEdit (24) . ST-specific forward primers targeting the 5= end of the SSU rRNA locus for each of the most prevalent subtypes found in humans (ST1, ST2, ST3, and ST4) were designed, and details are provided in Table 1 .
We used the primer pair RD5 and BhRDr (Table 1) in the first step of a nested PCR protocol to provide template DNAs for each of the subsequent ST-specific PCRs (ST1, ST2, ST3, and ST4) (12) . PCR conditions were initially optimized on DNAs extracted from pure cultures of Blastocystis from seven of the nine STs that have been detected in human populations (ST1, ST2, ST3, ST4, ST6, ST7, and ST8) to determine specificity and potential background amplification from nontarget STs. For the second step of the nested PCR, 2 l of a fresh 1/50 dilution of the initial PCR product generated with the primer pair RD5 and BhRDr was used as the template DNA in a second PCR using the appropriate ST-specific forward primer and BhRDr. Each 50-l PCR mixture contained 1ϫ Biomix (Bioline) and 0.5 pmol of primer BhRDr and the relevant ST-specific forward primer (or RD5 in the first step of the assay). We tested each individual sample for the presence of each of the four STs in separate PCRs, with three technical replicates of each reaction. Cycling conditions consisted of an initial denaturation step at 94°C for 5 min, followed by 35 cycles at 94°C for 30 s, a variable annealing temperature depending on the primer combination for 30 s (Table 1) , and an extension step at 72°C for 40 s, followed by a final extension step at 72°C for 5 min. All PCR products were cleaned (QIAquick PCR purification kit; Qiagen) prior to commercial sequencing (Source Bioscience, Ireland). Full details of all primer sequences used in this study, annealing temperatures, and product sizes are outlined in Table 1 .
Analysis of mixed Blastocystis ST template PCRs generated with primer pair RD5 and BhRDr. DNA from pure cultures of Blastocystis ST1, ST2, ST3, and ST4 were quantified by using the Qubit DNA quantification method (Molecular Probes). Equal concentrations (10 ng/l) of each ST template were mixed to mimic any possible double infection (ST1 and ST2, ST1 and ST3, ST1 and ST4, ST2 and ST3, ST2 and ST4, and ST3 and ST4) (n ϭ 6) and used as the DNA template for PCRs using the primers RD5 and BhRDr, as outlined above. Three technical replicates of each coinfection combination reaction were performed, and all products were cleaned prior to Sanger sequencing. Following analysis of these PCR products (see Results), we evaluated the efficiency of ST1 detection by the nested PCR assay in cases where ST1 was present at a much lower concentration than another ST (e.g., ST2, ST3, and ST4) in the starting template in the first step of our assay. To assess this, we mixed ST1 at 10 Ϫ1 , 10 Ϫ2 , and 10
Ϫ3 ratios with each of the other STs, separately, and used these as starting template DNAs in PCRs using the primers RD5 and BhRDr. We then performed the second step of the PCR assay by diluting these products 1/50 and adding 2 l to the second PCR mixture (the second step of the PCR assay) with the ST1-specific primer and BhRDr, as outlined above.
Comparative analysis with available subtyping primers. During the development of the novel primer sets outlined in this study, a study investigating the molecular epidemiology and possible transmission of Blastocystis from pigs to humans was reported, which had developed primers for specific detection of Blastocystis ST1, ST2, ST3, and ST5 based on single-step PCR (21) . To evaluate the efficiency of our nested PCR assay relative to that of these newly available primer sets, we performed a comparative PCR analysis using the primer sets for ST1, ST2, and ST3 on our 50 fecal DNA samples, in accordance with the PCR conditions outlined in that study (21) .
Although it has already been demonstrated that the widely used STS primers are not appropriate for ST analysis in human studies (17), we also tested these primers on all our DNA samples for comparative purposes. PCR was performed as described in that study (see also 
RESULTS

Nested PCR analysis.
The results of our initial optimization on pure cultures of Blastocystis STs showed that our novel primers were highly specific for the targeted ST (i.e., no nontarget STs were amplified). We detected nonspecific amplification for two of our human fecal samples using the ST1 specific primer. In both of these cases, these primers amplified an ST4 sequence (which was the ST detected in the original analysis). Additional attempts to optimize PCR conditions and annealing temperatures did not eliminate nonspecific products for these two samples. Although no other cases of nonspecific amplification were detected for any other samples or primer sets, we recommend that all PCR products be sequenced.
The results of the ST-specific nested PCRs on fecal samples from healthy individuals are provided in Table 2 . In our previous analysis, we did not detect any evidence of mixed infection based on chromatogram analysis of Sanger-sequenced PCR products (12) . Using the newly developed primers, we detected mixed infections in 11/50 (ϳ22%) individuals analyzed in our data set. The most common types of mixed infection were ST1 and ST2 (n ϭ 4), followed by ST1 and ST3 (n ϭ 3), ST1 and ST4 (n ϭ 2), one infection by ST3 and ST4, and, finally, a single case of triple infection by ST1, ST2, and ST3 (Table 2 ). ST1 was detected in 10/11 mixed infections, making it the most common ST found in mixed infections. Interestingly, ST1 occurred primarily as a mixed infection, whereas ST3 and ST4 occurred primarily as single infections (Fig. 1) . Based on this new analysis, the relative prevalence of each ST in the population of hosts has changed since our initial analysis; for example, ST1 is present in almost twice as many hosts as was originally reported ( Fig. 2A and B) . One possible issue that we also considered and that we wished to rule out was that the presence of ST1 was due to potential contamination. In addition to including negative controls, three technical replicates of all PCRs conducted on separate days yielded the same results, and sequence variation in ST-specific PCR products established that contamination was not an issue.
Mixed-ST template PCR analysis. Given the high prevalence of ST1 in mixed infections and the lack of any evidence indicating mixed infection in our initial study (12) , we tested if certain STs are preferentially amplified by using the primer pair RD5 and BhRDr. We found that even at equal starting concentrations, ST2, ST3, and ST4 were preferentially amplified over ST1 in each of the technical replicates, with no evidence of mixed templates in the sequence chromatogram analysis. Conversely, chromatogram analysis of the other ST combinations showed evidence of mixed traces (see Fig. S1 in the supplemental material). Note that we used DNA from ST1 allele 4 (http://www.pubmlst.org/blastocystis) (25) to assess amplification bias, as this ST1 allele variant accounts for Ͼ98% of ST1 alleles detected in human studies to date. Whether the primer pair RD5 and BhRDr preferentially amplifies other STs over additional ST1 alleles (aside from allele 4) is unknown. Crucially, however, our nested PCR assay was highly sensitive for the detection of ST1, even at starting DNA concentration ratios of 10 Ϫ3 with other STs. Comparative analysis of subtype primers for mixed-subtype analysis. We compared the data generated by using the novel nested PCR assay to those generated when we employed two pre- viously reported primer sets that are available for ST-specific analysis (20, 21) on the same samples, and the results are provided in Table S2 in the supplemental material. Using the primers reported by Wang and colleagues (21), we detected only a single Blastocystis subtype per individual sample; the STs detected by using these primers were the same as the STs that had been identified in the original analysis (Table 2; see also Table S2 in the supplemental material). We also tested the STS primers reported by Yoshikawa and colleagues (20) , and as reported previously (17) , they failed to generate PCR products in a number of instances. In particular, none of the samples that were positive for ST3 and ST4 in the initial analysis or in our current mixed-infection analysis gave a positive PCR product by the STS primers (see Table S2 in the supplemental material). No evidence of mixed infection was detected by using the STS primers.
DISCUSSION
The controversial role of Blastocystis in human disease and its widespread prevalence in both human and nonhuman hosts have led to increasing research into this enigmatic organism (26, 27) . Even though it is widely established that different Blastocystis STs can colonize the human gut, the level of diversity of Blastocystis spp. within individuals is apparently low (4, 13, 16) . Single infections with only one specific Blastocystis ST are typically reported, and in a recent analysis of Blastocystis species distribution in human populations, mixed infections were reported in less than half of the studies (43%, or 24 out of 55 studies) surveyed, with the overall prevalence of mixed infections being reported to be 6% (4). Although it is not currently known why mixed infections are seemingly rare, a number of possible explanations can be considered. The most likely reason is that the methods used to generate data have been insufficient to address the issue of mixed-ST infections (16, 19) . To redress this issue, we developed a set of novel primers and a nested PCR assay to specifically assess the incidence of Blastocystis mixed infections. Our novel ST-specific PCR protocol detected mixed infections in 11/50 (22%) cases, all of which had been overlooked in our previous analysis using state-of-theart methods (12) . These individuals were all healthy adults living in an industrialized country, with no history of gastrointestinal disease or symptoms indicative of blastocystosis (13) . We observed 10 double infections and 1 triple infection; of the 11 coinfections, ST1 was detected in 10 cases, ST2 and ST3 were detected in 5 cases each, and ST4 was detected in 3 cases. Given the partic- ularly high prevalence of ST1 revealed in mixed infections, we investigated the possibility that other common STs (i.e., ST2, ST3, and ST4) were preferentially amplified over ST1 (thereby resulting in ST1 being overlooked previously in many instances). Although we found this to be the case, and this result helps to explain why we failed to detect ST1 in mixed infections in the initial study, it is worth noting that an alternative explanation in some cases may be that ST1 is present at lower cell densities in vivo than other STs. Nonetheless, ST1 is twice as prevalent as previously reported for this data set and interestingly occurs more frequently in mixed infections than in single infections. This is in stark contrast to ST3, the most prevalent ST in the entire data set (detected in 40% of hosts), which occurs primarily as a single infection. One intriguing scenario that our data may be reflecting is that ST1 is circulating in the population and host environment and is present in certain hosts as a transient colonizer (unfortunately, we do not have longitudinal samples for the individuals analyzed here that might help to assess this). Another possibility is that highly prevalent STs that occur more often in single infections than in mixed infections (such as ST3 in this specific population) may simply be better competitors in the intestinal environment; for example, once an ST3 strain becomes successfully established, it may outcompete other potential colonizers. Alternatively, specific in vivo factors that vary between individuals, such as diet or a specific microbiota that may be necessary to support multiple and/or specific Blastocystis subtypes, are absent within a given host. In this regard, the higher incidence of ST1 in mixed than in single infections may indicate that ST1 benefits from or relies on the presence of other STs for successful colonization. It is also worth considering that a low or high level of diversity of Blastocystis within a host may simply reflect the immune status of that host, exemplified by the possibility that any potentially colonizing strains or specific strains may be eliminated by a strong host response, or conversely, a low immune response (tolerance) to Blastocystis may allow multiple STs to co-colonize. Finally, host exposure to specific STs only is also relevant. However, in most human prevalence studies, hosts are typically limited to a relatively narrow geographical region with many different STs reported as single infections in the data set, which would indicate that different STs are present in the host environment and make it likely that the individuals in question are exposed to multiple subtypes. Therefore, a relevant extension of this study would be to investigate the factors that govern Blastocystis colonization and the specific factors that determine which ST ends up successfully colonizing the intestinal tract. Future work focusing on in vitro competition experiments between different STs could help shed light on this issue and address the relative importance of ecological interactions, such as competition between different ST isolates of Blastocystis, and successful host colonization.
Comparative analysis revealed that none of the existing primer sets tested were as sensitive as our nested PCR assay in detecting mixed infections. Although there have been no additional studies that have used the ST-specific primers since the report by Wang and colleagues (21) , these primers failed to detect mixed infections in any of our samples in the current study. That PCR assay does not include a nested step, which may result in this assay amplifying the predominant ST in cases of mixed infection, as we alluded to above.
As outlined in a recent study, the STS primers were designed based on sequence data generated from randomly amplified polymorphic DNA, and target genes, as well as their copy numbers, remain unknown (17) . Although these STS primers have been used extensively for ST-specific detection (4), our results verify recent reports that they may not be suitable for surveying Blastocystis isolates in certain populations (17) . None of the samples that were positive for ST3 or ST4 in our original analysis or in our current mixed-infection analysis gave a positive PCR product with the STS primers designed to target these STs. This is not too surprising given that a recent analysis found that they did not amplify any ST4_42 alleles, which was the only ST4 allele detected in our data set (12) , and gave sporadic positive PCR results for ST3 isolates, including alleles 34 and 36, which were the two ST3 alleles detected in our original analysis (12) .
In conclusion, the application of our novel PCR assay high-
FIG 2
Overview of the relative Blastocystis subtype distribution in the entire data set based on data obtained in the original analysis (A) and in our revised analysis using our novel primer sets (B) (see also Table 2 ).
lights variation in the within-host Blastocystis diversity in a human population. Even though most individuals appear to host only a single Blastocystis ST, many individuals host multiple Blastocystis STs, indicating that the prevalence of Blastocystis mixed-ST infections is much greater than previously thought. Based on the data generated in our initial analysis (where we failed to detect any mixed infections) and our comparative analysis of data obtained with existing ST-specific primers (especially the STS primers that have been widely used [28, 29] ) presented here, it is highly likely that the incidence of mixed-ST infections has been greatly underreported to date, owing to methodological limitations. The application of this ST-specific nested PCR assay to other cohorts of human samples, including those from specific disease groups, will enable further-and more detailed-studies of the biological significance of mixed infections. Moreover, the data presented here will facilitate further experimental work to better understand potential competitive or cooperative interactions between different STs and also other components of the gut microbiota, including bacteria. This will be necessary to determine the underlying factors responsible for the observed variation in patterns of Blastocystis colonization in human and animal populations and identify possible sources of Blastocystis transmission to humans. 
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